Upon exposure to genotoxic stress, the c-Abl tyrosine kinase is released from cytoplasmic 14-3-3 proteins and then is targeted to the nucleus. Phosphorylation of Thr735 in c-Abl is critical for binding to 14-3-3; however, kinases responsible for this phosphorylation are unknown. Here, we identify CLK1, CLK4, MST1, MST2 and TTK (also known as Mps1) as novel Thr735 kinases in vitro by expression cloning strategy using phosphospecific antibody. We also demonstrate that ectopic expression of these kinases is capable for phosphorylation of Thr735 in cells. Importantly, upon exposure to oxidative stress, phosphorylation of Thr735 is transiently upregulated, and the status of this phosphorylation remains unchanged in cells silenced for CLK1, CLK4, MST1 or MST2. By contrast, knockdown of TTK attenuates phosphorylation of Thr735, suggesting that TTK is a physiological kinase that phosphorylates Thr735. In concert with these results, we show that, in cells silenced for TTK, c-Abl is accumulated in the nucleus even in unstressed condition and no further targeting into the nucleus occurs after oxidative stress. Moreover, nuclear entrapment of c-Abl by knocking down TTK enhances oxidative stress-induced apoptosis. These findings provide evidence that TTK phosphorylates c-Abl at Thr735 and that this phosphorylation is of importance to the cytoplasmic sequestration of c-Abl.
Introduction
Cellular responses to DNA damage include cell-cycle arrest, activation of DNA repair and, in the event of irreparable damage, induction of apoptosis. The decision by cells either to repair DNA lesions and continue through the cell cycle or to undergo apoptosis is relevant to the incidence of mutagenesis and, subsequently, carcinogenesis. In this context, incomplete repair of DNA damage before replication or mitosis can result in the accumulation of heritable genetic changes. Therapeutic anticancer treatments that use DNA-damaging agents must strike a balance between induction of repair and apoptosis to maximize the therapeutic effect. However, the nature of the cellular signaling response that determines cell survival or cell death is far from being understood.
The c-Abl tyrosine kinase is a ubiquitously expressed proto-oncogene that contains SH3, SH2 and catalytic domains in its N-terminal region. Contained within the C terminus are nuclear localization motifs, a bipartite DNA-binding domain and F-and G-actin binding domains. Alternative splicing results in the expression of two c-Abl isoforms (1a and 1b), both of which are detectable in the nucleus and the cytoplasm. Recent studies show that c-Abl takes on an auto-inhibitory conformation, and its activation requires post-translational modifications such as phosphorylation and myristoylation Nagar et al., 2003) . Physiological functions dependent on c-Abl remain largely elusive. Certain insights have been derived from the findings that c-Abl shuttles between the nucleus and the cytoplasm (Taagepera et al., 1998; Wang, 2000) . In contrast, oncogenic forms of Abl, including v-Abl and Bcr-Abl, localize exclusively in the cytoplasm and induce cellular transformation by promoting proliferation and inhibiting apoptotic cell death (Wetzler et al., 1993; Wang, 2000; Pendergast, 2002) . In this regard, recent studies have suggested that cytoplasmic c-Abl confers cell proliferation and survival (Zhu and Wang, 2004) . By marked contrast, activation of nuclear c-Abl by many sources of DNA damage is associated with inhibition of cell growth and induction of apoptosis (Kharbanda et al., 1998; Wang, 2000; Yoshida, 2008) . These findings indicate that the intracellular localization of c-Abl is important in dictating either survival or apoptotic responses. However, the molecular mechanism behind the nucleocytoplasmic shuttling of c-Abl was unknown until recently. Our recent studies revealed that c-Abl translocates into the nucleus in response to DNA damage or oxidative stress . However, the finding that nuclear accumulation of c-Abl was relatively transient indicates that nuclear export of c-Abl is activated subsequent to the DNA damage response. We also found that c-Abl is tethered in the cytoplasm by binding to 14-3-3 proteins and that the c-Abl-14-3-3 complexes are disrupted after genotoxic stress or oxidative stress. Functional binding analyses demonstrated that this binding depends on phosphorylation of c-Abl at Thr735, which is included within the 14-3-3 binding motif RSXpS/TXP (Aitken et al., 2002) . Importantly, Thr735 is located between the second and third nuclear localization signals in the C terminus of c-Abl, suggesting that binding of 14-3-3 to phosphorylated Thr735 masks the c-Abl nuclear localization signals and prevents its nuclear entry. Previous studies have shown that the phosphorylation level of the Ser/ Thr residues within the 14-3-3 binding motif determines the binding affinity between 14-3-3 and target proteins (Muslin and Xing, 2000) . In this regard, identification of Thr735 kinase(s) is expected to shed light on the functional mechanism for nuclear targeting of c-Abl.
Here, we demonstrate that TTK is a novel kinase responsible for phosphorylation of c-Abl at Thr735 upon exposure to oxidative stress. Importantly, TTK phosphorylation of Thr735 induces cytoplasmic sequestration of c-Abl.
Results

Identification of Thr735 kinases by expression cloning
To identify kinases that phosphorylate c-Abl at Thr735, we performed expression-cloning analysis by using antiphospho-c-Abl(Thr735) antibody (T735-Ab) ( Figure 1a ) (Matsuo et al., 2001) . The LE392 strain of Escherichia coli transformed with GST-c-Abl(683-780) wild-type (wt) or the GST-c-Abl(683-780) T735A mutant, in which Thr735 is substituted with Ala, was infected with phage expression libraries prepared from the human fetal brain. Following IPTG induction and transfer of plaques to the nitrocellulose membrane, phosphorylation of GST-c-Abl at Thr735 was detected by immunoblot analysis with T735-Ab. A three-stage screening process was carried out to identify positive plaques ( Figure 1b) . As a control, there was no detectable signal in E. coli transformed with the GST-c-Abl(683-780)T735A mutant, suggesting that T735-Ab specifically reacts with phospho-Thr735 ( Figure 1b) . As a result of the screening performed using the human cDNA library, we isolated 35 positive clones in total (Table 1) . To identify the cDNA present in the positive phages, the phage DNA was excised into pBluescript then subjected to sequencing. We found that 31 clones encoded CLK1, suggesting that CLK1 is capable of phosphorylating at Thr735 in E. coli (Table 1) . Furthermore, we also found CLK4, MST1, MST2 and TTK (also known as Mps1) as candidates for Thr735 kinases in these assays (Table 1) . To determine if these five recombinant kinases phosphorylate purified c-Abl, GST-c-Abl(683-780) wt or the GST-c-Abl(683-780) T735A mutant were incubated with ATP in the presence or absence of recombinant kinases. The finding that each of the five purified kinases phosphorylated indicates that the five kinases are Thr735 kinases in vitro (Figure 1c) . Notably, co-incubation of the five kinases with the GST-c-Abl(683-780)T735A mutant completely abrogated reaction with T735-Ab (Figure 1c ), indicating the specificity of the antibody against phospho-Thr735. To extend these findings to cellular kinases, COS-7 cells were cotransfected with Flag-c-Abl, green fluorescent protein (GFP) vector and the five wild-type GFP-tagged kinases, or the catalytically inactive GFP-tagged kinase mutants. Cell lysates were immunoprecipitated with anti-Flag, followed by immunoblot analysis with T735-Ab. Expression of wildtype kinases was associated with substantial phosphorylation of c-Abl at Thr735 (Figure 1d ). By contrast, Thr735 phosphorylation was completely abrogated by expression of the dominant-negative kinase mutants (Figure 1d ). These findings collectively support a novel function for the five kinases as Thr735 kinases in vitro.
TTK is capable of phosphorylating Thr735 in the cellular response to oxidative stress To determine if the five kinases physiologically phosphorylate c-Abl at Thr735, we prepared cells stably expressed with tagged c-Abl. Previous studies have shown that it is impossible to make cell lines stably expressed with wild-type c-Abl mainly due to cytotoxi- city (Yuan et al., 1996 (Yuan et al., , 1997 . Instead, we established HeLa cells stably expressed with Flag-c-Abl(K-R) and designated as HeLa/dn-Abl (Figure 2a ). Our study previously proved that kinase activity is not required for nuclear targeting of c-Abl in response to genotoxic stress . To 
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TTK regulates c-Abl localization K Nihira et al genotoxic and oxidative stress. In this regard, we speculated that Thr735 phosphorylation is upregulated upon exposure to these stimuli. To address this issue, we monitored the status of Thr735 phosphorylation. As reported previously , the status of Thr735 phosphorylation remained unchanged after exposure of cells with adriamycin ( Figure 2c ).
To examine the effect of Thr735 phosphorylation in response to other stimuli, such as oxidative stress, HeLa/dn-Abl cells were treated with H 2 O 2 . Immunoblot analysis with T735-Ab revealed that, following exposure to H 2 O 2 , Thr735 phosphorylation was maximal at 20 min and returned to near basal level at 4 h ( Figure 2d ). We therefore focused on oxidative stress-induced Thr735 phosphorylation. TTK controls nuclear targeting of c-Abl and apoptosis upon exposure to oxidative stress To assess the subcellular distribution of c-Abl and TTK, HeLa/dn-Abl cells were immunostained with anti-Flag and anti-TTK. Flag-c-Abl(K-R) mainly localized in the cytoplasm, whereas TTK distributed both in the nucleus and in the cytoplasm (Figure 3a) . Importantly, cytoplasmic c-Abl partially colocalized with TTK, suggesting association of these kinases in the cytoplasm.
To further determine whether TTK phosphorylation of c-Abl affects its nuclear translocation, HeLa/dn-Abl cells were transfected with scramble small interfering RNA (siRNA) or TTK siRNA, followed by treatment with H 2 O 2 . As shown previously, c-Abl localized mainly in the cytoplasm, and then moved into the nucleus upon exposure to oxidative stress (Figure 3b , left two panels). In contrast, nuclear accumulation of c-Abl was observed even in unstressed cells silenced for TTK, suggesting that phosphorylation of c-Abl by TTK is required for its cytoplasmic distribution (Figure 3b , right two panels).
The results also demonstrated that nuclear targeting of c-Abl remained unchanged after H 2 O 2 treatment. To further confirm the involvement of TTK in nuclear targeting of c-Abl, HeLa/dn-Abl cells were transfected with scramble siRNA or TTK siRNA followed by treatment with H 2 O 2 . Analysis of nuclear lysates demonstrated that c-Abl gradually accumulates into the nucleus in response to oxidative stress ( Figure 3c , nuclear lysates). By contrast, as shown for immunofluorescence experiments, knocking down TTK was associated with substantial nuclear localization of c-Abl even in unstressed cells ( Figure 3c , nuclear lysates). In concert with these results, expression of cytoplasmic c-Abl was repressed in cells silenced for TTK (Figure 3c , cytoplasmic lysates). Importantly, immunoblot analysis with T735-Ab revealed that TTK silencing abrogated Thr735 phosphorylation until 1 h after H 2 O 2 treatment in both the nucleus and the cytoplasm. However, there was little, if any, inhibition of phosphorylation at 2 and 4 h (Figure 3c ). These results collectively demonstrated that TTK is involved in Thr735 phosphorylation at an early period upon exposure to oxidative stress. To define functional significance for TTK phosphorylation of c-Abl, HeLa cells were transfected with scramble siRNA or TTK siRNA followed by treatment with H 2 O 2 in the presence or absence of STI571, specific inhibitor of Abl kinases (Druker et al., 1996) . Depletion of TTK enhanced oxidative stress-induced apoptosis (Figure 4a) . Furthermore, inhibition of Abl kinase activity by STI571 significantly attenuated induction of apoptosis in response to H 2 O 2 (Figure 4a ). These findings thus indicate that nuclear accumulation of c-Abl is essential for genotoxic stress-induced apoptosis. We further examined whether cells in which nuclear c-Abl is accumulated in advance are more sensitive for induction of apoptosis in response to H 2 O 2 . Of note, 
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Discussion
The mechanisms by which genotoxic stress is converted into intracellular signals that control cellular fate are largely unknown. Certain insights have been derived from the findings that c-Abl is activated in the response of cells to agents that arrest DNA replication or induce DNA lesions (Kharbanda et al., 1995; . c-Abl is also activated in response to oxidative stress (Sun et al., 2000; . Importantly, activation of nuclear c-Abl is associated with induction of apoptosis after high dose of H 2 O 2 stimulation. By contrast, upon exposure to low dose of H 2 O 2 , c-Abl induces the activity of catalase, a major effector of the cellular defense against H 2 O 2 , leading to survival signaling (Cao et al., 2003) . Thus, c-Abl physiologically controls cell fate in response to oxidative stress. Activation of c-Abl is induced, at least in part, by PKCd-dependent phosphorylation (Sun et al., 2000; Yoshida, 2007) . Previous studies have also shown that treatment of cells with DNA-damaging agents is associated with translocation of c-Abl to the nucleus Yoshida, 2008) . In normal cells, 14-3-3 proteins bind to c-Abl at phospho-Thr735 within the 14-3-3 binding motif and sequester c-Abl in the cytoplasm. Upon exposure of cells to DNA-damaging agents, c-Jun Nterminal kinase is activated and phosphorylates 14-3-3, resulting in the release of c-Abl into the nucleus. Importantly, nuclear targeting of c-Abl is required for the induction of apoptosis in response to DNA damage. Thus, c-Abl may function in determining cell fate through its subcellular localization. In this context, Thr735 kinases are of importance to dictate c-Abldependent cellular function. However, previous studies have provided no clear evidence identifying direct Thr735 kinase(s). In this study, through use of expression cloning combined with phospho-c-Abl(Thr735) antibodies, we demonstrate that CLK1, CLK4, MST1, MST2 and TTK are novel Thr735 kinases. Our data show that five kinases have the characteristics of in vitro direct Thr735 kinases. Moreover, our results demonstrate that TTK is capable of phosphorylating c-Abl at Thr735 in cells exposed to oxidative stress. Significantly, TTK phosphorylation of Thr735 was associated with partial inhibition of nuclear targeting of c-Abl. These findings provide a novel signaling mechanism in which phosphorylation of c-Abl at Thr735 by TTK regulates its subcellular localization in response to oxidative stress ( Figure 5 ).
Among the five kinases, CLK1 and CLK4, which contain RS domain and are characterized as dualspecificity kinases, regulate alternative splicing by phosphorylating splicing factors, including SR proteins (Hagiwara, 2005) . MST1 and MST2 are mammalian sterile20-like kinases and are supposed to be involved in the induction of apoptosis (de Souza and Lindsay, 2004) . TTK is known to function in the spindle checkpoint. This checkpoint is a failsafe mechanism for the cell to ensure accurate chromosome segregation during mitosis. Mutations in genes encoding essential checkpoint proteins lead to chromosome instability and promote carcinogenesis. Recently, TTK has been reported to localize to the spindle pole bodies, suggesting that it may act at spindle pole bodies to control their assembly (Castillo et al., 2002) . Analysis of TTK function in meiosis revealed a requirement for the kinase in chromosome segregation beyond its checkpoint function (Straight et al., 2000) . Genetic interactions with mutations in kinetochore and spindle components have hinted that TTK has a function in chromosome segregation in mitotic cells (Jones et al., 1999) . Little is otherwise known about other functions of TTK. In this context, this study revealed an unexpected function of TTK in regulating subcellular localization of c-Abl. Whereas TTK is expressed in both the nucleus and the cytoplasm (Stucke et al., 2002) , cytoplasmic TTK could be mainly responsible for Thr735 phosphorylation because Thr735 phosphorylation of c-Abl is required for its cytoplasmic sequestration . More importantly, phosphorylation of c-Abl at Thr735 is indispensable for interaction between c-Abl and 14-3-3 . Rationally, TTK sequesters c-Abl in the cytoplasm. Indeed, knockdown of TTK promoted nuclear accumulation of c-Abl (Figure 3b ). Of note, transient upregulation of Thr735 phosphorylation seems to occur specifically in the oxidative stress response, as adriamycin-induced nuclear targeting of c-Abl is independent on Thr735 phosphorylation . Inhibition of Thr735 phosphorylation allowed c-Abl to dissociation from 14-3-3. Moreover, the c-Abl T735A mutant was unable to bind to 14-3-3, thus targeted into the nucleus. In concert with these results, the Thr735 kinase TTK-phosphorylated c-Abl to be sequestered in the cytoplasm in the unstressed condition. However, upon exposure to genotoxic stress, 14-3-3 is rapidly phosphorylated by c-Jun N-terminal kinase and presumably modified its tertiary structure, thus rendering it dissociation from target molecules (Tsuruta et al., 2004) . This dissociation is independent on the phosphorylation in target molecules, such as c-Abl at Thr735. In this context, c-Abl could promptly move to the nucleus because of the dissociation from 14-3-3 by its modification in response to oxidative stress, even if Thr735 phosphorylation is transiently increased by TTK. Thus it is unlikely that upregulation of Thr735 phosphorylation is required for nuclear translocation of c-Abl. Taken together, we would conclude that Thr735 phosphorylation induces cytoplasmic localization of c-Abl in unstressed condition. By contrast, following genotoxic stress, c-Abl is targeted to the nucleus regardless of phosphorylation status with Thr735, as c-Abl is dissociated from 14-3-3 by its modification. Interestingly, however, present study revealed that TTK is involved in both nuclear and cytoplasmic phosphorylation of Thr735. In this regard, it is conceivable that c-Abl is phosphorylated at Thr735 in the nucleus by TTK and then moves back to the cytoplasm. Further studies will be needed to address this issue. Accumulating studies have demonstrated that activation of c-Abl in the nucleus is essential for induction of apoptosis in response to various stress stimuli . In unstressed condition, the kinase activity of c-Abl is continuously suppressed under the strict control. Upon exposure to oxidative stress, c-Abl is targeted into the nucleus, then activated there. Activated c-Abl functions as a pro-apoptotic kinase in the nucleus. c-Abl moves to the nucleus in cells silenced for TTK ( Figure 3b) ; however, in unperturbed condition, activity of c-Abl was restrained, thus there was little, if any, apoptosis induction (Figure 4a) . In this context, we speculated that TTK silencing, which induces nuclear translocation of c-Abl, renders cells profoundly sensitive for apoptosis upon exposure to oxidative stress. As expected, these results demonstrated that upregulation of nuclear c-Abl could be sensitized to induce apoptosis in the oxidative stress response (Figure 4b ). We thus concluded that nuclear accumulation of c-Abl by knocking down TTK confers cells sensitive for apoptotic stimuli.
The oncogenic form of Abl kinase, Bcr-Abl, is constitutively active and localizes to the cytoplasm. Bcr-Abl is the underlying cause in the development and progression of chronic myeloid leukemia (CML). It remains unknown whether 14-3-3 proteins sequester Bcr-Abl in the cytoplasm. However, similar to c-Abl, Bcr-Abl contains three nuclear localization signals, raising the possibility that 14-3-3 might regulate subcellular localization of Bcr-Abl. In this context, a recent study suggested that Bcr-Abl translocates from the cytoplasm to the nucleus following treatment of cells with the topoisomerase II inhibitor etoposide (Dierov et al., 2004) . Moreover, it is intriguing that several 14-3-3 family proteins also interact with the Bcr region of Bcr-Abl (Reuther et al., 1994) . Thus, these findings collectively support the possibility that release of Bcr-Abl from 14-3-3 by the inhibition of Thr735 phosphorylation contributes to the nuclear accumulation of Bcr-Abl. Another report documented that Bcr-Abl is found in the nucleus after treatment of cells with the Abl kinase inhibitor STI571 and the nuclear export inhibitor leptomycin B (Vigneri and Wang, 2001) . Importantly, accumulation of Bcr-Abl in the nucleus is associated with induction of apoptosis. This finding is consistent with our previous finding that activation of nuclear Abl kinase is required for DNA damage-induced apoptosis . In this regard, trapping Bcr-Abl in the nucleus is an interesting approach to treat CML without severe side effects. Taken together with these findings, inhibition of Thr735 phosphorylation by abrogating TTK kinase activity may promote nuclear accumulation of Bcr-Abl, thereby inducing apoptotic cell death in CML cells. Obviously, further studies are needed to determine whether TTK controls Thr735 phosphorylation in Bcr-Abl.
In conclusion, through the use of an expressioncloning strategy in combination with phosphospecific antibodies, we have identified TTK as a novel Thr735 kinase in vitro and in cells. Following oxidative stress, TTK phosphorylation of Thr735 is associated with the control of subcellular localization of c-Abl. Importantly, aberrant nuclear accumulation of c-Abl in cells silenced for TTK enhances induction of apoptosis.
Materials and methods
Screening of the kinases that phosphorylate c-Abl at Thr735
Identification of Thr735 kinases using phosphospecific antibodies was performed as described previously (Matsuo et al., 2001; Taira et al., 2007) , with minor modification. Briefly, LE392 strain of E. coli were transfected with GST-c-Abl(683-790) wild type or T735A by electroporation. The bacteria were infected with cDNA library phages from human fetal brain (Stratagene, La Jolla, CA, USA), plated onto LB agar, and incubated for 3 h at 42 1C. GST-c-Abl(683-790) and libraryoriginated protein were expressed in the bacteria by overlaying the nitrocellulose membranes containing IPTG for 4 h at 37 1C and transferred onto the membranes. The membranes were immunostained with anti-phospho-c-Abl(Thr735) (Cell Signaling Technology, Beverly, MA, USA). Proteins were visualized by Western Lighting (PerkinElmer, Waltham, MA, USA). Positive clones were selected and isolated. To analyse cDNA inserted into phages, the phage DNA was excised into pBluescript according to a standard protocol.
In vitro kinase assays
In vitro kinase assays were performed as described (Yoshida and Kufe, 2001; Yoshida et al., 2002b Yoshida et al., , 2006a . Briefly, recombinant GST-c-Abl(683-790) proteins corresponding to wild type and T735A purified from plasmid-transduced E. coli were incubated in kinase buffer (20 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, pH 7.0, 10 mM MgCl 2 , 0.1 mM Na 3 VO 4 and 2 mM dithiothreitol) with recombinant GST-CLK1, GST-CLK4, GST-MST1, His-MST2 or GST-TTK protein (Invitrogen, Carlsbad, CA, USA) and ATP for 20 min at 30 1C. The reaction products were boiled for 5 min and subjected to immunoblot analysis.
Cell culture COS-7 and HeLa cells were cultured in Dulbecco's modified Eagle's medium containing 10% heat-inactivated fetal bovine serum, 100 U/ml penicillin, 100 mg/ml streptomycin. Cells were maintained at 37 1C in 5% CO 2 . Cells were treated with 0.5 mM H 2 O 2 (Nacalai Tesque, Kyoto, Japan).
Plasmid construction c-Abl(683-790) was amplified by PCR and cloned into pGEX4T-1. CLK1, CLK4, MST1 catalytic fragment, MST2 and TTK cDNA were cloned into pEGFP-C1. c-Abl(T735A), CLK1(K191R), CLK4(K189R), MST1 catalytic fragment(K64R), MST2(K56R) and TTK(D664A) were generated by site-directed mutagenesis. All mutations were confirmed by sequencing.
Cell transfections COS-7 cells were transiently transfected using FuGENE 6 (Roche) according to the instructions of the manufacturer. HeLa cells were stably transfected with pcDNA3-Flag or pcDNA3-Flag-c-Abl(K-R) by using LipofectAMINE 2000 (Invitrogen) according to the instructions of the manufacturer and selected in the presence of G418. Transfections of siRNA were performed using LipofectA-MINE RNAi MAX (Invitrogen) according to the instructions of the manufacturer.
Immunoblot and immunoprecipitation analysis
Immunoprecipitation and immunoblot analyses are described previously (Yoshida et al., 1999 (Yoshida et al., , 2000 (Yoshida et al., , 2002a (Yoshida et al., , 2006b , with minor modification. Briefly, cells were harvested, washed in cold phosphate-buffered saline and resuspended in the lysis buffer (50 mM Tris-HCl, pH 7.6, 150 mM NaCl, 10 mM NaF, 1 mM Na 3 VO 4 , 1mM phenylmethylsulfonyl fluoride, 1 mM dithiothreitol, 10 mg/ml aprotinin, 1 mg/ml leupeptin, 1 mg/ml pepstatin A and 1% NP-40). After centrifugation, the supernatants were isolated and used as whole cell lysates. Cell lysates were incubated with anti-Flag agarose (Sigma-Aldrich, St Louis, MO, USA) for 2 h at 4 1C. The beads were washed three times in lysis buffer and eluted with Flag-peptide (SigmaAldrich). Cell lysates and immunoprecipitated proteins were boiled for 5 min, separated by SDS-polyacrylamide gel electrophoresis, transferred onto nitrocellulose membranes and immunoblotted with anti-phospho-c-Abl(Thr735), anti-cAbl (Calbiochem, San Diego, CA, USA), anti-GST (Nacalai Tesque), anti-His (Santa Cruz Biotechnology), anti-GFP (Nacalai Tesque), anti-MST1 (Cell Signaling Technology), anti-MST2 (Cell Signaling Technology), anti-TTK (Santa Cruz Biotechnology), anti-tubulin (Sigma-Aldrich), anti-phospho-threonine (Cell Signaling Technology) or anti-PCNA (Santa Cruz Biotechnology). Immune complexes were visualized using Western Lighting (PerkinElmer).
Reverse transcriptase PCR analysis Total RNA from cells was isolated using ISOGEN (NIPPON GENE) according to the instructions of the manufacturer. A total of 900 ng of RNA was amplified using Super Script III One
Step reverse transcriptase PCR System with Platinum Taq Kit (Invitrogen). The reaction for reverse transcriptase PCR was as follows: cDNA synthesis at 55 1C for 30 min, denaturation at 94 1C for 2 min, followed by 25 cycles at 94 1C for 15 s, 55 1C for 30 s and 68 1C for 45 s, with final extension at 68 1C for 5 min. The reaction products were separated on 2% agarose gels.
Subcellular fractionation
Subcellular fractionation was performed as described previously (Yoshida et al., 2003) . Purity of the fractions was monitored by immunoblot analysis.
Immunofluorescence assays Cells cultured in chamber slides were fixed in methanol for 5 min, permeabilized in 1% Triton X-100 for 15 min, washed with phosphate-buffered saline and blocked with 10% goat serum in phosphate-buffered saline for 1 h. After washing with phosphate-buffered saline, the cells were immunostained with anti-c-Abl, anti-Flag or anti-TTK, followed by reaction with fluorescein isothiocyanate-or tetramethyl rhodamine isothiocyanate-conjugated secondary antibodies. Nuclei were stained with 4,6-diamidino-2-phenylindole.
Apoptosis assays
Cells cultured in poly-D-lysine-coated four-well chamber slides were transfected with siRNAs, and then treated with H 2 O 2 for 1 h. At 24 h after treatment, apoptotic cells were detected by TUNEL assays using DeadEnd Fluorometric TUNEL System (Promega, Madison, WI, USA).
